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Large-scale nanopatterned sapphire substrates were fabricated by annealing of patterned Al thin films. Patterned Al thin
films were obtained by soft UV-nanoimprint lithography and reactive ion etching. The soft mold with 550-nm-wide lines
separated by 250-nm space was composed of the toluene-diluted polydimethylsiloxane (PDMS) layer supported by the
soft PDMS. Patterned Al thin films were subsequently subjected to dual-stage annealing due to the melting temperature
of Al thin films (660°C). The first comprised a low-temperature oxidation anneal at 450°C for 24 h. This was followed by a
high-temperature annealing in the range of 1,000°C and 1,200°C for 1 h to induce growth of the underlying sapphire
single crystal to consume the oxide layer. The SEM results indicate that the patterns were retained on sapphire substrates
after high-temperature annealing at less than 1,200°C. Finally, large-scale nanopatterned sapphire substrates
were successfully fabricated by annealing of patterned Al thin films for 24 h at 450°C and 1 h at 1,000°C by soft
UV-nanoimprint lithography.
Keywords: Al; Annealing; Patterned sapphire substrates; UV-nanoimprint lithography; Reactive ion etchingBackground
High output power GaN-based light-emitting diodes
(LEDs) attract much attention because of their various
applications in traffic signals, full-color displays, back-
light in liquid crystal displays, solid-state lighting, and so
forth [1]. At present, because of the difficulty of obtain-
ing high-quality and reasonable-cost GaN substrates,
sapphire is most commonly used as the substrate for
LEDs due to its high-temperature stability and physical
robustness. However, owing to the large lattice mismatch
and thermal expansion between the epitaxial GaN film
and the underneath sapphire substrate, high threading
dislocation densities with the order of 109 to 1010 cm−2
and deterioration of the electrical and optical properties,
therefore, lead to poorer internal quantum efficiency
(ηint) and reliability [2,3]. On the other hand, the refract-
ive index of nitride films (n = 2.5) is higher than that of
sapphire substrates (n = 1.78) and air (n = 1). The critical
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in any medium, provided the original work is pthat only about 4 % of the generated light in the active
layer can be extracted from the surface and mostly
absorbed by the electrode at each reflection and grad-
ually disappears due to total internal reflection, and is
then converted to heat [4].
Many different growth approaches have been proposed
to improve the performances of epitaxial GaN films; the
epitaxial lateral overgrowth (ELOG) technique is known
to significantly reduce threading dislocations effectively
[5,6]. However, this approach is a time-consuming process
and often requires a two-step growth procedure and intro-
duces uninterrupted dopants or contaminations. Recently,
it has been reported that one can not only reduce the
threading dislocation density in GaN films but also en-
hance the light extraction efficiency by using a patterned
sapphire substrate (PSS) [7,8]. However, the dimension of
PSS with grooves or other patterns is usually in micron-
scale range. Theoretical and experimental studies indicate
that a further reduction in defect density is possible if the
dimension of the lateral overgrowth patterns is extended
to nanoscale range [9-11].
Many articles reported that sapphire substrates are
nanopatterned by dry etching and wet etching. It ispen access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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sistive to acids at room temperature. Thus, it is ex-
tremely difficult to etch sapphire substrates using a
chemical solution at room temperature. Compared with
wet etching, dry etching can provide us an anisotropic
profile and a reasonably fast etching rate [12], but dry-
etched substrates will be inevitably damaged, and the de-
vice performance is compromised [13]. To resolve the
problem in dry and wet etching processes, Cui et al. [14]
have reported the effect of exposure parameters and an-
nealing on the structure and morphological properties of
nanopatterned sapphire substrates prepared by solid-
state reaction and e-beam lithography. However, e-beam
lithography is not a cost-effective solution due to expen-
sive equipment and low efficiency for the fabrication of
large-area patterns. UV-nanoimprint lithography (UV-
NIL) has been gaining attention in the semiconductor
industry as one of the candidates for the next-generation
manufacturing technology of low cost, wide distribution,
and high patterning resolution [15,16]. Moreover, UV-
NIL using soft polydimethylsiloxane (PDMS) mold has
advantages over conventional methods for patterning of
imprinted area, surface roughness, and curvature of sub-
strate [17]. Therefore, in this study, large-scale nanopat-
terned sapphire substrates (NPSS) were fabricated by
dual-stage annealing of patterned Al thin films prepared
by soft UV-NIL and reactive ion etching (RIE).
Methods
The process of large-scale NPSS consisted of the follow-
ing steps (Figure 1): (a) 150-nm Al thin films were de-
posited on sapphire (0001) substrates, (b) UV-NIL resist,
(c) peeled off PDMS soft mold, (d) patterned Al thin
films were obtained with the RIE process, (e) oxide-
patterned Al thin films, and (f ) grain growth of pat-
terned polycrystalline alumina thin films.
High-purity Al thin films were deposited on sapphire
(0001) substrates by direct current (DC) sputtering in a
JGP-450a magnetron sputtering system. Prior to depos-
ition, the sapphire substrates were ultrasonically cleaned
with acetone for 10 min and alcohol for another 10 min,
rinsed with deionized water, and then dried withN2. A
99.999 % pure Al target of 2-in. diameter was used, and
the plasma of Ar (99.999 %) was used for sputtering.
The distance between the target and substrate was
70 mm. The base pressure was less than 8 × 10−5 Pa. De-
position was carried out at a working pressure of 0.2 Pa
after presputtering with Ar for 10 min. When the cham-
ber pressure was stabilized, the DC generator was set to
60 W. The deposition rate utilized was 18 nm/min.
The 2-in. quartz master mold with 250-nm-wide and
150-nm-long lines separated by 550-nm space was fabri-
cated by laser interference lithography and RIE. Prior to
replication of soft PDMS mold, the quartz master self-assembled an anti-adhesive monolayer (1H,1H,2H,2H-
perfluorodecyltrichloro-silane (FDTS)) by vapor phase
deposition to yield a low surface free energy, which is re-
quired to detach easily the quartz master and soft
PDMS. Figure 2 shows the schematic illustration of the
soft PDMS mold based on the quartz master mold. In
this paper, we designed a scheme of replication based on
the quartz master mold: PDMS was diluted with toluene
(60 wt.%) to decrease the viscosity, since the modifica-
tion of the PDMS ensures high fidelity of pattern fea-
tures by UV-NIL [18]. The degassed modified PDMS
was spin-coated at 3,000 rpm for 30 s on the quartz
master mold. After degassing, the quartz master mold
with a uniform layer was cured at 120°C for 15 min.
Then the degassed PDMS prepolymer (Sylgard 184, Dow
Corning, Midland, MI, USA) and its curing agent (1:10
weight) were carefully poured onto the surface, followed
by curing at 100°C for 30 min. Afterwards, the 2-in. soft
mold, the modified PDMS supported by thick, flexible
PDMS layer, was peeled off from the quartz master
mold.
After the deposition of Al thin films, the 220-nm-thick
UV-curable resin AMONIL-MMS4 (AMO GmbH, Aachen,
Germany) was spin-coated at a speed of 3,000 rpm for 30 s
onto 150-nm-thick Al thin films. At 100°C, the AMONIL-
MMS4 was prebaked on a hot plate. The UV-NIL was per-
formed on an EVG620 (EVG Group, Schärding, Austria).
The nanoimprint pressure is 3 × 104 Pa, and the hold time
of UV exposure is 90 s. The residual polymer layer was then
removed by RIE (CRIE-100, AST, Hsinchu County, Taiwan).
The O2 gas flow rate, working pressure, radio-frequency
(RF) power, DC bias voltage, and etch time were maintained
at 200 sccm, 13 Pa, 50 W, −200 V, and 120 s, respectively.
The patterns were subsequently transferred into Al thin
films by RIE. The BCl3 and Cl2 gas flow rates, working
pressure, RF power, DC bias voltage, and etch time were
maintained at 100 and 25 sccm, 1 Pa, 600 W, −200 V, and
90 s, respectively.
The nanopatterned Al thin films were subsequently sub-
jected to dual-stage annealing. Our experimental results re-
veal that the hillock formation on Al thin films was
minimized with an oxidation anneal at 450°C [14]. There-
fore, the first comprised an oxidation anneal, where the an-
nealing temperature was 450°C for 24 h. The temperature
ramp rate was 10°C/min. This was followed by a high-
temperature annealing in the range of 1,000°C to 1,200°C
for 1 h. The temperature ramp rate was 10°C/min up to
800°C and then 5°C/min thereafter. All annealing treat-
ments were carried out in air in a box furnace with the sub-
strates contained in a high-purity alumina crucible. In this
study, the surface morphology was examined using an
atomic force microscope (AFM; Veeco DID3100, Plainview,
NY, USA) and scanning electron microscope (SEM; Hitachi
S-4700, Tokyo, Japan).
Figure 1 Schematic diagram showing processing steps in the generation of large-scale NPSS.
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Top-view SEM micrograph of soft mold (PDMS diluted
with toluene) molding from the quartz master is shown
in Figure 3a. As shown in Figure 3a, the patterned PDMS
with 550-nm-wide lines separated by 250-nm space were
obtained on the surface. The result of the UV curing
imprinted pattern used by the replicated soft PDMS moldon the quartz master is shown in Figure 3b. It is easily
seen that the patterned AMONIL-MMS4 with 250-nm-
wide and 120-nm-long lines separated by 550-nm space
was obtained on the Al thin film surface, which is coinci-
dent with that of the quartz master. The residual polymer
layer with 60-nm thickness was removed by RIE. The pat-
terns were subsequently transferred into Al thin films by
Figure 2 Schematic illustration of soft PDMS mold based on quartz master mold.
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obtained by the UV-NIL and RIE is shown in Figure 3c.
As shown in Figure 3c, the patterned Al thin films with
250-nm-wide lines separated by 550-nm space were ob-
tained on the sapphire surface, which is coincident with
that of the quartz master.
Dramatic changes in the pattern morphology were ob-
served following high-temperature annealing applied to
induce grain growth of the sapphire. Figure 4a shows
a SEM image of the morphology of the patterned surface
after annealing for 24 h at 450°C and 1 h at 1,200°C.
For nanopatterned Al thin films that subsequently ex-
perienced an annealing temperature of 1,200°C, it was
found that smoothing and coalescence of the line fea-
tures had occurred to such an extent that the patterningFigure 3 SEM images of the morphology of PDMS soft mold moldin
patterned Al thin films obtained by the UV-NIL and RIE (c).was no longer discernible. The phenomenon of surface
diffusion-driven smoothing of surface features is well
established in the literature [19-22] and occurs due to
surface energy considerations [23,24]. The kinetics of
the smoothing of the line patterns can be used to derive
information on the diffusion mechanism. Therefore, for
the successful fabrication of NPSS, the relative kinetics
of smoothing versus grain growth of the underlying sap-
phire is critical. Fortunately, for high-temperature an-
nealing at 1,000°C and 1,100°C, the patterns were
retained on sapphire substrates. Figure 4b shows a SEM
image of the morphology of the patterned surface after
high-temperature annealing for 1 h at 1,000°C. Figure 4c
shows the AFM image of nanopatterned Al thin films
with 250-nm-wide lines separated by 550-nm space afterg. From the quartz master (a), patterned AMONIL-MMS4 (b), and
Figure 4 SEM and AFM images of Al patterns after annealing. SEM images of the morphology of the Al patterns on sapphire substrates after
annealing for 24 h at 450 °C and 1 h at 1,200°C (a) and 1,000°C (b). AFM image of Al patterns after dual-stage annealing for 24 h at 450°C and
1 h at 1,000°C (c).
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Using this technique, it can be seen that the upper sur-
faces of the patterns are not flat; instead, the center of the
patterns is higher than the edges. Moreover, the height of
the patterns following the high-temperature annealing of
1 h at 1,000°C was approximately150 nm. Our experi-
mental results reveal that the consistency of line pat-
terns fabricated by dual-stage annealing of patterned
Al thin films for 24 h at 450°C and 1 h at 1,000°C and
the orientation were the same as those of the sapphire
(0001) substrates [14].
Therefore, it is believed that the above process has po-
tential for the large-scale fabrication of NPSS for high
output power GaN-based light-emitting diodes.
Conclusions
In this study, large-scale NPSS were fabricated by dual-
stage annealing of patterned Al thin films prepared by
soft UV-NIL and RIE. The soft mold with 550-nm-wide
lines separated by 250-nm space was composed of the
toluene-diluted PDMS layer supported by the soft
PDMS. The nanoimprint pressure is 3 × 104 Pa, and the
hold time of UV exposure is 90 s. Patterned Al thin films
were subsequently subjected to dual-stage annealing.
The first comprised a low-temperature oxidation anneal,
where the annealing temperature was 450°C for 24 h.This was followed by a high-temperature annealing in
the range of 1,000°C to 1,200°C for 1 h to induce growth
of the underlying sapphire single crystal to consume the
oxide layer. The SEM results indicate that the patterns
were retained on sapphire substrates after high-
temperature annealing at less than 1,200°C. Finally,
large-scale nanopatterned sapphire substrates were suc-
cessfully fabricated by annealing of patterned Al thin
films for 24 h at 450°C and 1 h at 1,000°C by soft UV-
nanoimprint lithography. It is believed that the above
process has potential for the large-scale fabrication of
NPSS for high output power GaN-based light-emitting
diodes.
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